We study the dynamics of electrodeposition of a metal in contact with a liquid crystalline electrolyte. A nematic liquid crystalline electrolyte introduces an additional overpotential due to its bulk distortion and anchoring free energy. A phase-field model is built to simulate the morphological evolution of the metal anode under electrodeposition with nematic liquid crystal electrolyte. We provide design guidelines for achieving smooth electrodeposition with liquid crystalline electrolyte; in particular, we identify high anchoring energy can suppress dendrite growth. Liquid crystalline electrolytes offer a new avenue towards enabling high energy density rechargeable batteries based on metal anodes.
Lithium metal | Liquid Crystal | Batteries | Dendrites
Metal electrodeposition is a process of fundamental importance with applications ranging from generating surface coatings and multilayer thin films to designing functional nanomaterials (1) (2) (3) (4) . Recently, there is a great resurgence of interest in understanding electrodeposition as rechargeable batteries based on lithium (Li) metal anodes has emerged as a viable strategy for improving the energy density of Li-ion batteries. In addition, fast charging requirement in rechargeable batteries (5) requires electrodeposition at high rates which leads to the well-known dendritic instability (6) .
Numerous approaches for suppressing dendritic growth have been proposed. These include artificial solid electrolyte interphase (SEI) (7) (8) (9) , additives in liquid electrolytes (10) (11) (12) (13) (14) (15) (16) , surface nanostructuring (17, 18) , solid polymer or inorganic electrolytes (19) (20) (21) (22) (23) . Among the many approaches, mechanical suppression of dendrite growth through stresses at solid-solid interfaces provides design principles for the desired mechanical properties for polymer and inorganic electrolytes (24) (25) (26) . These analyses suggest that polymers with high shear modulus, while ceramics with low shear modulus can lead to stable electrodeposition. Generally, most polymers tend to be soft while ceramics tend to be hard and hence finding ceramic or polymer materials that satisfy the stability criterion has proved challenging (27) .
Liquid crystalline materials offer an interesting new avenue to suppress dendritic growth through additional energetic contributions that emerge due to distortion and anchoring. These energies originate from the tendency of the anisotropic molecules to align resulting in an ordered arrangement (28) . As compared to the other dendrite suppression methods, liquid crystals are easy to synthesize, manufacture and integrate into batteries, while offering the potential to suppress dendrites without external forces (e.g. stack pressure). Liquid crystal surface properties like anchoring energy are of importance in opto-electronic applications like liquid crystal displays, lithography and molecular electronics (29) . Recently, Li-containing liquid crystalline materials have been developed as electrolytes possessing high ionic conductivity (30) . In this work, we simulate electrodeposition of a metal anode in the presence of a liquid crystalline electrolyte. We find that liquid crystalline electrolytes with sufficient anchoring energy at the interface with the metal anode can greatly suppress dendrite growth. We quantify dendrite suppression using three metrics based on the shape and location of the interface and its growth with time. Based on this analysis, we provide design rules for material architectures that can meet this criterion.
Liquid crystalline phases are commonly found in materials composed of anisotropic molecules which interact with one another. In the simplest liquid crystalline phase called the nematic phase, molecules tend to orient parallel to each other giving rise to orientational order but no long range positional order. Engineered liquid crystalline materials are attractive candidates as electrolytes due to the presence of organized 1D, 2D or 3D pathways for ion conduction (30) (31) (32) (33) (34) . Further, high transference number, low-cost bulk manufacturing, nonflammability and wider temperature window may be achieved in conjunction with fast ionic transport in the crystalline phase compared to amorphous phase (33, (35) (36) (37) S/cm at room temperature. Sakuda et al. (38) further demonstrated reversible charge-discharge cycling with LiFePO4 and Li4Ti5O2 cathodes and Li metal anode. While ionic conductivity and voltage stability of liquid crystalline electrolytes are promising, a natural question that emerges is whether liquid crystalline electrolytes in contact with a metal anode can suppress dendrites. Fig. 1 shows a schematic of a metal anode in contact
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The authors declare no conflict of interest. 1 To whom correspondence should be addressed. E-mail: venkvis@cmu.edu with a nematic liquid crystalline electrolyte. The average orientation of the molecules is given by a unit vector n called the director. In a distorted liquid crystal, the director will vary with space n = n(r). The bulk distortion free energy of the liquid crystal can be written in terms of the director field n using three elastic constants corresponding to splay, twist and bend deformations (28) . In this work, we use the one-constant approximation with elastic constant K which gives a simpler form of the distortion free energy as a volume integral:
Metal
This form is easier to solve and gives valuable insights on distortions in nematics. Berreman used a similar form of the distortion free energy to explain the orientation of nematics in contact with a solid surface and grooved surface (39, 40) . In addition to bulk distortion free energy, existence of an interface with the Li metal will result in certain preferred directions for the director of the molecules in contact (41) . The preferred directions can be, for example, crystallographic directions for an interface with a single crystal or at a certain angle to the surface in the case of N-(4-methoxybenzylidene)-4-butylaniline (MBBA) free surface (28, 42) . This results in the so called strong anchoring of the nematic phase at an interface.
Here we use the form of anchoring energy derived from the expression proposed by Rapini and Papoular (43, 44) (details in Supplementary Information)
where v is the normal to the interface between the electrode and the liquid crystalline electrolyte, W is the anchoring energy and the integration is performed over the interface area. This energy favors alignment of the liquid crystal molecules along the tangent to the interface. Since the morphological evolution of the metal anode under electrodeposition involves moving interfaces, diffuse interface methods like phase-field model are ideal to treat the problem (45) . A phase-field model is an efficient simulation tool to obtain mesoscale insights on phase transitions, transformations and microstructural evolution (46) (47) (48) . Previously, several phase-field simulation models have been developed for obtaining a quantitative understanding of dendrite growth in Li-ion batteries (49) (50) (51) (52) (53) 
Phase-Field Model
Our phase-field model is based on Plapp's model (56) that unifies the thin interface formulations by using the grand potential functional to generate the phase-field equations. This formulation permits the use of a larger interface thickness parameter δ for computational convenience, much greater than the physical width of the interface while eliminating the nonphysical effects. The phase-field variable ξ is a nonconserved order parameter whose value is 1 for the metal anode (solid) and 0 for the electrolyte (liquid). We use the Butler VolmerAllen Cahn reaction (BV-ACR) equation for the evolution of the phase-field variable ξ with time t (49, 52, 53) :
where Mσ and Mη are the interfacial mobility and electrochemical reaction kinetics coefficient respectively.
) is a double-well function where b is related to the switching barrier and κ is the gradient energy coefficient. The surface energy γ and interface thickness δ can be used to obtain the values of b = 12γ/δ and κ = 3δγ/2 (50, 57) .
is the interpolation function for ξ. A Langevin noise term q is added to the equation to account for thermal and structural fluctuations. f (η) is related to the kinetics of electrodeposition in terms of the total overpotential η at the interface. The overpotential and hence the kinetics is modified by the liquid crystal due to a change in equilibrium potential difference between the electrode and the electrolyte. Let η0 be the overpotential without the liquid crystal and ηLC be the additional overpotential due to the liquid crystal i.e. η LC = η − η0. The charge transfer coefficient for the liquid crystal overpotential ηLC will in general be different from that for η0 (25, (58) (59) (60) (61) . Assuming a Butler Volmer equation with charge transfer coefficients αc, αa for the cathode and anode, and a cathodic charge transfer coefficient α d for the liquid crystal overpotential, we obtain:
Parameters n, F, R and T are the number of electrons transferred, Faraday's constant, gas constant and temperature respectively. The overpotential η can be written in terms of the potential at the anode (φe) and the electrolyte φ as The calculation of η LC requires a model for the free energy of the liquid crystal. A liquid crystalline material in the electrolyte introduces an additional grand free energy given by
Here χ is the anchoring energy factor accounting for the strong anchoring for the liquid crystal against the surface of the anode. The factor 1 − h(ξ) ensures that the liquid crystal free energy is non-zero only in the electrolyte phase. The second term is active only at the interface due to the presence of ∇ξ. Using the fact that |∇ξ| ∼ 1/δ at the interface and comparing the integral of the second term in Eq. (5) with Eq. (2), we obtain χ ∼ W δ/2. This can be used to obtain estimates of χ since measured values for W for different liquid crystals are available in literature (62) . The additional overpotential due to the liquid crystal can be calculated from its grand free energy contribution using Eq. 6 (50)
where V M z+ is the molar volume of the metal in the liquid crystalline electrolyte. From this equation, we note that the molar volume accounts for the mole fraction share of energy of Li ion out of the total liquid crystal energy. Since liquid crystal relaxation occurs at a time scale much lower than the time scale of diffusion and electrodeposition, we assume equilibrium of the liquid crystal director field in the electrolyte i.e. δΩLC /δn = 0. The constraint n · n = 1 on the director field is enforced by the hard constraint method utilizing the Lagrange multiplier technique (55) . Together with evolution equation for the phase-field variable Eq. (3), the equations for the evolution of the chemical potential of Li and spatial distribution of the electric potential are also solved and are given in the Supplementary Information.
Results & discussion
A smooth 20 µm thick Li electrode is used as the initial configuration for the anode upon which Li is electrodeposited. The low initial thickness ensures that the cell has a high energy density due to the high fraction of Li passed per cycle (63, 64) . The simulation parameters together with the details of the initial and boundary conditions are provided in the Supplementary Information. We used three metrics to quantify the dendrite growth or suppression during the morphological evolution of the electrode. The first metric, roughness factor is a measure of the unevenness of the Li electrode surface during electrodeposition. A perfectly smooth surface will have a value of zero whereas a surface with dendritic growth will have a high value of roughness factor. The roughness factor RF measures the range of the coordinate profile of the interface. For Fig. 1 , the roughness factor is RF = xmax − xmin. This is one of the definitions of arithmetic average roughness of a surface. The second metric is the time required to cause short circuit (65) at a given x-coordinate in the 2D mesh.
For a given x-coordinate, the short circuit time tsc is defined as the time when the metal electrode surface reaches that x-coordinate. This gives an indication of the time to short circuit the battery if the counter-electrode was located at that coordinate. The third metric used is related to the arc length of the interface between the metal electrode and the electrolyte. When the deposition is uneven, the arc length of the interface treated as a curve in two dimensions increases. We measure this deviation using the arc length ratio parameter
where L is the length of the interface at a given time calculated by using the arc length formula for a curve and L0 is the initial length of the interface (= 200 µm in our simulations). Besides quantifying the deviation from an ideal interface, the arc length ratio is also related to the amount of Li consumed due to additional solid electrolyte interphase (SEI) growth at the non-ideal interface resulting in lowering of Coulombic efficiency. In the calculation of these metrics, we used the contour line ξ = 0.5 as the interface between the two phases.
We simulated electrodeposition on Li metal anode for the two cases of a conventional liquid electrolyte using the properties of 1 M LiPF6 in EC:DMC (1:1 volume ratio) solution (hereafter referred to as the standard electrolyte) and a liquid crystalline electrolyte (hereafter referred to as the LC electrolyte). The properties of the electrolytes are given in Supplementary Information. For the sake of comparison, we assume the dimensionless values of the elastic constant and the anchoring energy to beK = 2δ
2RT /Ṽ Li + = 39.3 and W = 20. Although LC electrolytes may be engineered to have anisotropic diffusivity (66), we use isotropic diffusivity here for comparison with a standard electrolyte. Fig. 2a shows the variation of maximum x-coordinate of the metal electrode surface and the roughness factor as a function of time (black and blue lines respectively). For the case of a standard electrolyte, the metal electrode surface initially grows at a constant velocity with zero roughness factor. The surface starts to roughen at t ∼ 100 s or when 20 µm Li has been deposited (x ∼ 40 µm at the interface), and the growth rate of the metal starts increasing due to high electric field and Li + concentration at the tip of the dendrites (53) . In contrast, for the case of LC electrolyte, the surface remains uniform even till t ∼ 300 s or when 90 µm of Li has been deposited. We observe that once the surface becomes rough and electrodeposition become dendritic in Fig. 2a , the growth rate increases rapidly since the deposition gets focused at the dendrite tips. Therefore, after the onset of dendritic growth, the maximum x-coordinate of the metal electrode surface at a given time is different in the case of a standard electrolyte and an LC electrolyte. For comparing the other two metrics, we used their values when the metal electrode surface has attained the same maximum x-coordinate rather than at the same time. Fig. 2b shows the variation of the arc length ratioL as a function of the maximum x-coordinate that the metal electrode surface has reached. With a standard electrolyte (black line), the interface arc length ratio quickly becomes greater than one as the metal electrode surface reaches 40 µm due to growth of surface perturbations. For 40 µm x 80 µm, several perturbations are generated at the metal electrode surface leading to a positive slope of theL vs x plot. As the metal electrode surface reaches 80 µm (60 µm of Li deposition), these perturbations lead to the growth of three dendrites (movie S1). This leads to an increased slope of theL vs xmax curve in Fig. 2b . For the case of an LC electrolyte, the interface arc length remains close to the initial value till x ∼ 100 µm or for 80 µm of electrodeposition. After this point, there is a small increase in the arc length ratio due to generation of small surface perturbations, however, none of the perturbations are observed to grow into large dendrites (movie S2). The discussion above clearly provides a compelling demonstration of the dendrite suppressing nature of LC electrolytes. The liquid crystal is able to suppress the small perturbations at the surface through a delicate interplay between distortion free energy, oxidation and reduction processes. In contrast to the standard electrolyte, we do not observe high current density hotspots during electrodeposition with an LC electrolyte at the interface. The existence of sharp peaks or valleys on the surface will result in sudden change in the orientation of the director field due to the strong anchoring boundary condition at the interface. This will result in an unfavorable high energy configuration of the director field. Our results confirm that it is possible to suppress dendrite growth and enhance the fraction of Li passed during cycling using an LC electrolyte.
Nucleation-To understand the rearrangement of the director field at a rough surface and its effects on electrodeposition, we generate an initial perturbation on the the metal electrode surface and simulate electrodeposition under an applied overpotential. The perturbation is a hemispherical nucleus with three different radii: 5 µm, 10 µm and 20 µm generated by setting the initial condition for the phase-field variable ξ = 0 inside the hemisphere. The director field of the liquid crystal reorients in response to the perturbation of the metal electrode surface (Fig. S2) . Due to anchoring energy of the LC electrolyte, the director field becomes tangent to the metal electrode surface at the interface. The director field in the bulk also changes to minimize the distortion free energy proportional to the bulk elastic constant. Fig. 3a shows the maximum x-coordinate and roughness of the metal surface with time for the standard and LC electrolyte. The insets show the initial condition and the metal surface after 120 s of electrodeposition. Electrodeposition with the standard electrolyte leads to the development of sharp peaks from the initial nucleus. These peaks originate from the high current hotspots and encourage faster electrodeposition by attracting metal ions due to the high electric fields generated. The LC electrolyte prevents the formation of sharp peaks at the interface due to the anchoring energy, leading to an approximately constant growth velocity at the metal surface. The function Mηh (ξ)f (η), which is the growth rate of the metal surface due to the overpotential, is plotted for the standard and LC electrolyte in Fig. S4 at t = 31 s. The standard electrolyte case has a more localized brown region at the tip of the hemisphere, showing a high current density hotspot compared to the LC electrolyte case. This point is elucidated in Fig. 3b showing the maximum of the metal surface growth rate due to overpotential, Mηh (ξ)f (η) at each y-coordinate in the 2D domain. The maximum in the growth rate for a given y-coordinate occurs at the interface where the electrodeposition reaction occurs. The growth rate for the standard electrolyte is much more localized at the tip of the nucleus (y = 100 µm) compared to that for an LC electrolyte. The arc length ratio plotted as a function of the maximum x-coordinate of the metal surface for different initial nucleus radii also increases faster for the standard electrolyte compared to the LC electrolyte (Fig. S7 ). Fig. 3c shows the variation of the arc length ratio at xmax = 160 µm with the radius of the nucleus. The arc length ratio obtained using an LC electrolyte decreases as the size of the initial perturbation decreases while it remains almost constant with a standard electrolyte. This variation can be used to determine the initial roughness of the metal anode sample to design for a given thickness of electrodeposited metal and final roughness/arc length ratio that can be tolerated.
To understand the effect of liquid crystal parameters -the elastic constant and anchoring energy on the metrics for dendrite suppression, we performed phase-field simulations using a range of values of the parameters K and W . Fig. 4 shows the variation of two metrics, roughness factorRF and interface arc length ratioL with the values of these parameters. The variation of short circuit timetsc is presented in Fig.  S8 . The roughness factor, arc length ratio and short circuit time are calculated when the metal electrode surface reaches x = 90, 120 and 150 µm respectively. The roughness factor is represented in non-dimensional form as a ratio of its value obtained using LC electrolyte to the that obtained with a standard electrolyte. For all metrics, we observe that the den- drite suppression capability is improved as the elastic constant and the anchoring energy of the LC electrolyte is increased.
From the plot, we observe that the anchoring energy W affects the metrics for dendrite suppression more than the bulk elastic constant. The arc length ratio of 1.5 is plotted as a contour line in Fig. 4b . The region to the right of the line has better dendrite suppression capability. A higher elastic constant further enhances the region of stability. Values of the elastic constant for some common liquid crystals are given in Table S3 . The anchoring energy of nematic 5CB (4-n-pentyl-4-cyano biphenyl) at its interface with H-terminated (001) crystalline silicon surface and vacuum (67) ). Further work is needed to obtain values of anchoring energy for interface with Li. Although a limited dendrite suppression can be achieved using these parameters, an increase in the anchoring energy by one or two orders of magnitude would be more suitable for battery applications. It is worth noting that liquid crystalline properties can be changed by temperature (28) , engineering the density of packing or particle shapes (68) . These can lead to the emergence of directional entropic forces that align neighboring particles. Weng et al. reported an increase in anchoring energy by using vertical alignment and polymerized surfaces generated by ultraviolet irradiation-induced phase separation (69) . Further, nanopatterning of the surfaces using surface lithography can lead to generation of nanogrooves which can be used to tune the anchoring energy strength (70, 71) . The dendrite suppression metrics can be further improved by increasing the molar volume of Li in the LC electrolyte (Fig. S9) .
Conclusions
In this work, we have suggested a potentially new material class, liquid crystalline materials, as candidate electrolytes for Li metal anodes. Additional energetic contributions due to anchoring and distortion provides a new approach to suppressing the onset of dendrite formation. Using phase-field simulations, we demonstrate enhanced dendrite suppression with liquid crystalline electrolytes. We identify the anchoring energy as an important tuning property that determines the degree of dendrite suppression as suggested by the values of the metrics. Our model is sufficiently general and the choice of the preferred anchoring direction in Eq. 2 has no consequence on the dendrite suppression capability as long as there exists one preferred direction. The results of simulations with an initial perturbation can be used to design the initial roughness of the metal anode sample to be used. Finally, we suggest material design strategies that could achieve the high anchoring energy required for dendrite suppression in practical applications.
Materials and Methods
Code is available at https://github.com/ahzeeshan/electrodep. T at the right boundary and n is parallel to the tangent to the surface of the metal electrode at the interface. The latter boundary condition is imposed using the soft constraint method (3) i.e. by adding the energy contribution due to anchoring to the grand free energy in Eq. (5) in the main text.
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Anchoring Energy
We use the form of anchoring energy proposed by Rapini and Papoular (4, 5)
where np is the preferred direction for the liquid crystal director in contact with a surface. This form might be further reduced to F anch = −W (n · np) 2 /2 since the first term is a constant offset to the free energy. In two dimensions, if t is the preferred direction and v ⊥ t, the anchoring free energy may be written as
2 /2 since the two differ only by a constant. The latter form is the one we have used in this work.
Overpotential expression
The overpotential due to the LC electrolyte in terms of its properties is given by:
Other Phase-field Equations
In the formalism developed by Plapp (6, 7) , the local Li-ion mole fraction can be written in terms of the chemical potential of Li, µ as:
where
is the difference in the chemical potential of Li and neutral components in the electrolyte phase at the standard state. We use l as the superscript for the electrolyte and s for the electrode. The equation for evolution of chemical potential is:
where C s m and C l m are the site densities of Li in the electrode and electrolyte phases, φ is the electric potential, n is the number of electrons transferred and c is the concentration of Li. The susceptibility χµ is given by
For obtaining the electric potential, we solve the conduction equation:
∂ξ ∂t [5] where
is the electronic conductivity. (8) . All properties are tabulated in Table S1 . 
Properties of the Electrolytes
Property Normalization/Scaling
The normalization constants for the different quantities are presented in Table S2 . 
Metrics for dendrite suppression
For Fig. 1 (in the main text) , if the interface is given by the curve x = f (y), the arc length of the interface can be calculated using dy 1 + f (y) 2 which can be converted to a discrete summation. 3.17E-06 Py-7: 5-n-heptyl-2-(4'-cyanophenyl)-pyrimidine.
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